ABSTRACT
INTRODUCTION D
IFFUSE AXONAL INJURY (DAI) is characterized by microscopic axonal lesions that commonly appear in subcortical white matter of patients with acceleration-deceleration type traumatic brain injuries (TBI) (Adams et al., 1989) . DAI lesions, or shear-injuries, occur when brain tissue of relatively lighter consistency is torn from more rigid tissue when exposed to linear or rotational deceleration forces (Gentry, 2001; Hammoud and Wasserman, 2002) . The most common locations of these injuries, as determined by pathologic studies, are the centroaxial white matter regions, including the corpus callosum, internal capsule, and fornix due to their rigid attachment to relatively more mobile cerebral hemispheres (Gentry et al., 1988a; Cotran et al., 1999) .
Moderate to severe TBI patients with DAI often have computed tomography (CT) images absent of significant hematomas or hemorrhages, but their neurologic status is far more serious than expected. CT scans are useful measures of injury severity for patients with extra-axial hematomas and parenchymal contusions (Marshall et al., 1991) , but in DAI CT is usually normal or reveals only small deep (shear) hemorrhages. Magnetic resonance (MR) imaging is recommended in these situations, as MR is significantly more sensitive to axonal shear injuries than CT (Gentry et al., 1988b; Ogawa et al., 1992) . However, the usefulness of MRI as a measure of injury severity has not been quantitatively established. Fluid-attenuated inversion recovery (FLAIR) imaging has significantly improved the ability of imaging to identify DAI lesions, as it greatly reduces the signal from cerebral spinal fluid thereby increasing specificity for injured tissue. The lesions appear as white matter hyperintensities (WMH) and are subject to either qualitative or quantitative analysis.
Assessment of injury severity in patients with DAI lesions is important for guiding clinical management, assessing prognosis and counseling families, as well as for stratifying injury severity when selecting patients for clinical trials. Additionally, quantitative assessments of DAI may be useful as surrogate endpoints for clinical trials directed at white matter injury. Quantitative MRI techniques can be used to compare the extent of tissue damage in different brain regions, as location of such injuries may be correlated with resultant cognitive impairment and functional outcome. Quantitative MRI assessments have identified atrophy of various neuroantomic structures chronically after TBI (Gale et al., 1995; Bigler et al., 1996 Bigler et al., , 2002 Levin et al., 2000; Yount et al., 2002) . However, the correlation between outcome and a volume decrease has been equivocal (Levin et al., 1992; Johnson et al., 1996; Bigler et al., 1997 Bigler et al., , 1999 Bigler, 2001; Yount et al., 2002; Himanen et al., 2005; Gale et al., 1995; Pierallini et al., 2000; Scheid et al., 2003; King et al., 2005; Tomaiuolo et al., 2005; Scheid et al., 2006) . Further, few studies have analyzed MRI-visible lesions (WMH) in the acute setting when prognostic information is most desired and when DAI-directed neuroprotective therapies are more likely to be useful.
Most studies assess DAI by counting the number of lesions. Novel computerized image processing techniques allow quantitative measures of lesion volume by summing pixels with signal above a certain threshold. Babikian et al. (2005) utilized a semiautomatic image processing tool to quantify lesion volumes noted on susceptibility-weighted/MR images (SWI-MRI) in pediatric patients with acute TBI and found lesion volume to be negatively correlated with neuropsychologic functioning. This study found that lesion volume accounts for nearly a third of the variance in cognitive performance on neuropsychologic tests. SWI-MRI detects microhemorrhages and is, at best, an indirect measure of white matter pathology. Lesions apparent on FLAIR-weighted images represent areas of edema and/or gliosis, and in the setting of cerebral infarction (Fu et al., 2005; Ouhlous et al., 2005) , demyelinating disease (Randolph et al., 2005; Sanfilipo et al., 2006) , and neurodegenerative dementia (Gootjes et al., 2004) are good indicators of disease severity. Few studies have analyzed FLAIR lesions in TBI (Pierallini et al., 2000; Scheid, 2006) , and we are unaware of any attempts to examine the interrelationship between DAI lesion volumes visible on acute FLAIR-weighted MRI and functional outcome.
The purpose of the present study is to quantitate DAI lesion volumes using a novel image processing tool to determine whether it is useful for predicting functional outcomes in adult patients with moderate to severe TBI. Additionally, we wanted to determine whether lesions in specific white matter regions were better correlated with outcome than those in other regions.
METHODS

Participants
The study sample was selected from patients who suffered moderate and severe TBI between January 2004 and December 2005. Each subject had been enrolled in a prospective, observational study and evaluated using MR imaging in the first 2 weeks after injury. Participants were 14 years of age or older, suffered a brain injury consistent with the mechanism of DAI that required hospitalization, and consented to participate. Patients with subdural hematomas and large cortical contusions were excluded from the study. Additionally, patients with conditions that may result in abnormal MRI and compromise cognitive functions (i.e., prior TBI intracranial tumor, stroke, epilepsy, multiple sclerosis, arteriovenous malformation, human immunodeficiency virus [HIV] encephalopathy, brain abscesses, Alzheimer's disease, Parkinson's disease, and meningitis) were also excluded. Prisoners and homeless patients were also excluded.
Approval for this study was obtained from the Institutional Review Board (IRB) of UT Southwestern Medical Center prior to its initiation.
Magnetic Resonance Imaging
MRI data were collected with a GE Genesis Signa 1.5-Tesla scanner (General Electric Medical, Milwaukee, MARQUEZ DE LA PLATA ET AL. WI). FLAIR images (8800/2200/130 [repetition time/inversion time/echo time]) were acquired in the axial plane with 5-mm slice thickness and interslice gap of 0.5 mm. The field of view (FOV) was 220 mm, and matrix size was 256*256. FLAIR sequence allows better differentiation of brain lesions by suppressing the effect of cerebrospinal fluid (CSF), which normally appears as highintensity signal in the conventional T2-weighted images.
Image Processing and Diffuse Axonal Imaging Lesion Measurement
Images were converted from DICOM to ANALYZE format to facilitate analysis (Fig. 1 ). They were then analyzed via a semi-automatic interactive software tool that was developed in our lab on MATLAB (MathWorks, Inc., Natick, MA). This tool uses signal thresholding, morphologic erosion, connectivity, and dilation methods in combination with human knowledge to segment and quantify WMH and whole brain volume (WBV) from FLAIR images. Analyses are divided into the following operations: is established for each subject using statistical parameters (image mean intensity, standard deviation, and maximum intensity) derived from each subject's FLAIR images. After a brief orientation to the segmentation and quantitation procedures, two independent raters followed the protocol to obtain DAIV and WBV, as well as the ratio of DAI volume to whole brain volume (DAI index). Resulting values were analyzed to determine inter-rater reliability for the manualized procedure.
DAIs in the subcortex were separated into four neuroanatomical regions: corpus collosum, fornix, internal capsule/external capsule, and other subcortical white matter. The corpus collosum was partitioned axially as the structures anterior to and posterior to the lateral ventricles, and the medial structures superior to the lateral ventricles. The fornix was identified as the structure medial and inferior to the lateral ventricles. The basal ganglia region included lesions believed to encompass bilateral medial white matter structures in and around the basal ganglia such as the internal and external capsules, superior and anterior thalamic radiations, and uncinate fasciculus. The fourth category of DAI lesions was defined as any lesion in subcortical white matter that was not categorized in any of the three aforementioned groups, which include superior longitudinal fasciculus, superior region of corona radiate, and cingulum.
Injury Severity Measures
The Glasgow Coma Scale (GCS) score was obtained from the Emergency Department admission forms, and represents the first GCS obtained after stabilization of cardiopulmonary function. Scores on the GCS range from 3 to 15, with higher scores representing a less severe injury. GCS scores can be subdivided into three categories with respect to injury severity with scores of 13-15 signifying a "mild" injury, 9-12 signifying a "moderate" injury, and 3-8 signifying a "severe" injury.
Functional Outcome Measure
Functional outcome was determined 6 months post-injury using the Glasgow Outcome Scale-Extended (GOSE; Wilson et al., 1998) , a commonly used questionnaire that assesses functional abilities in multiple domains following a head injury. The eight-item test includes questions regarding the patients ability to follow commands, perform activities of daily living, work, travel, participate in recreational activities, and inquires about the presence of emotional disruptions and of seizures that have begun since the injury. Total GOSE scores range from one to eight, with higher scores associated with better outcome. Outcome scores are divided into disability categories such that individuals who score at or below four are considered "severely disabled," scores of five or six are "moderately disabled," and scores of seven or eight are considered "good recovery." A score of one is given to individuals who are dead at the time the questionnaire would have been administered, and a score of two is given to patients in a "persistent vegetative state."
Statistical Analysis
Intraclass Correlation Coefficients (ICC) were utilized to determine the inter-rater reliability among the derived DAI measures (DAIV, WBV, and DAI index) as obtained by the two independent quantitation operators. The mean values for the derived DAI measures were utilized in subsequent analyses. Spearman's rank-order correlation coefficient was used to assess relationships among the derived DAI measures and functional outcome scores and other ordered categorical variables.
RESULTS
Sample Characteristics
Twenty-four patients were identified for this analysis. Patients who were enrolled in this study had a mean age of 28 (Ϯ13) years and were predominantly male (66%). These patients had an average GCS score of 5 (Ϯ4) and an average hospital stay of 20 (Ϯ8) days. CT scans for MARQUEZ DE LA PLATA ET AL. all patients were rated as "Diffuse Injury II" using the Marshall TCBD classification (Marshall et al., 1991) . Sample characteristics are summarized on Table 1 .
Inter-Rater Reliability
Inter-rater reliability analysis for the three mean DAI values showed significant consistency between raters (DAIV-ICC ϭ 0.968, p Ͻ 0.001; WBV-ICC ϭ 0.914, p Ͻ 0.001; and DAI index-ICC ϭ 0.956, p Ͻ 0.001).
Correlations
Volumetric values were analyzed to determine whether DAI measurements are sensitive to threshold effects with respect to outcome. Analysis of variance showed only DAI index was significantly greater for patients who fell in the severely impaired or persistent vegetative state range than patients who had better outcomes (F ϭ 4.65, 1; p ϭ 0.043). DAI volume showed a similar trend, but it was not statistically significant (F ϭ 3.76; 1; p ϭ 0.067; Table 2 ).
Spearman correlations demonstrated that both total DAI volume and a DAI index expressed as the ratio of DAI volume to whole brain volume were significantly inversely correlated to GOSE (r ϭ 0.453, p ϭ 0.034; r ϭ 0.485, p ϭ 0.022, respectively), such that greater amounts of DAI coincide with lower functional outcome scores (Table 3) .
Additionally, GOSE scores were significantly worse for patients with a greater DAI index in the internal capsule/external capsule region (r ϭ Ϫ0.484, p ϭ 0.022). Descriptive statistics for the sample. GCS, Glasgow Coma Scale; GOSE, Glasgow Outcome Scale-Extended; FSE, Functional Status Examination. No significant differences in volume of hyperintense signal on fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI) across utcome groups. Volume measured in cubic centimeters. DAIV, diffuse axonal injury volume; WBV, whole brain volume; DAII, diffuse axonal injury index; GOSE, Glasgow Outcome Scale-Extended; PVT, persistent vegetative state.
MRI OF DIFFUSE AXONAL INJURY
Though the correlations between many of the other brain regions were not significantly correlated with functional outcomes, DAI in the fornix and the unspecified white matter structures trended toward significance (Table 4) .
DISCUSSION
DAIs can be visualized indirectly through shear hemorrhages (traumatic microbleeds) caused by inertial injuries on blood vessels (Tong et al., 2004; Scheid et al., 2003 Scheid et al., , 2006 or more directly by analyzing white matter hyperintensities on FLAIR MRI (Takaoka et al., 2002; Pierallini et al., 2000) . To our knowledge, the present study is the first attempt to quantify DAI volume in FLAIR-weighted images with moderately to severely injured adults in the acute phase after TBI. Functional outcome is inconsistently correlated to number of shear hemorrhages, with many studies suggesting that while patients with traumatic microbleeds have neurocognitive deficits, there is no correlation between number of traumatic microbleeds and outcome (Scheid et al., 2003 (Scheid et al., , 2006 . In the pediatric TBI literature, volume of microhemorrhages detected using susceptibility-weighted MRI correlates highly with injury severity and poor outcome at 6 months post-head injury (Babikian et al., 2005; Tong et al., 2004) . In our study, white matter DAI volumes in adult patients with moderate to severe TBI are correlated with functional outcomes at 6 months after head injury. We found that the greater the proportion of brain volume affected by DAI, the poorer their functioning at 6 months post-injury as measured by the GOSE.
The quantitation of DAI lesions in specific brain regions during the acute phase of TBI may have prognostic value. Moderately to severely head injured individuals with a greater proportion of the internal capsule/external capsule region impacted by DAI have a worse outcome than those with lower lesion volume in that region. However, DAI in the fornices and undifferentiated subcortical white matter trended toward significance when correlated to outcome and may show significance with a greater sample size. Therefore, while the internal capsule/external capsule region is the only subcortical brain area that showed a statistically significant correlation with outcome, it is unlikely that this is the only subcortical region correlated with functional outcome. Our results are consistent with the notion that lesions in any white matter region are potentially important in producing a poor outcome. The modest correlations between white matter regions and outcome may be a reflection of the diffuse nature of DAI (Tomaiuolo et al., 2005; Pierallini et al., 2000) .
In our present sample of moderate to severe patients with TBI, the predominant location of DAI lesions and greatest DAI volume was the subcortical gray-white matter region. This is consistent with previous studies that have found less DAI lesion volume in deeper subcortical brain regions (Schaefer et al., 2004; Tong et al., 2004) , and speaks to the vulnerability of the more superior brain tissue to shear injury.
A novel feature of this study is that all of the MRI scans were conducted within 2 weeks of injury, as other authors who have reported atrophy in white and gray matter studied patients months or years after injury (Pierallini et al., 2000; MacKenzie et al., 2002; Scheid et al., 2003 Scheid et al., , 2006 Tomaiuolo et al., 2004 Tomaiuolo et al., , 2005 . It is possible that the acute white matter lesions in our patients may result in delayed cortical atrophy via Wallerian degeneration post-DAI, as has been noted in prior studies (Bigler et al., 2002; MacKenzie et al., 2002; Tomaiuolo et al., 2004) . The mean volume of brain parynchema in this investigation is commensurate with that reported among normal control subjects in MacKenzie et al. (2002) , suggesting cortical atrophy had not yet occurred within the first week after injury.
The present results indicate that semi-automated image processing tools can be useful in quantitating white MARQUEZ DE LA PLATA ET AL. Correlation between diffuse axonal injury (DAI) volume and outcome by location of injury.
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Significant correlations in bold. DAII, diffuse axonal injury index; IC/EC, internal capsule/external capsule; CC, corpus callosum; Fnx, Fornix; GOSE, Glasgow Outcome Scale-Extended. matter lesions in patients with TBI. As MRI makes DAI lesions easier to identify, volumetric analysis of this type of injury may be a useful method for taking structural imaging beyond diagnosis. Using axial FLAIR MR images, our newly developed image processing tool reliably quantified previously identified white matter lesions, as independent raters attained similar results after a brief introduction to the procedure. The inter-rater reliability for all volumetric measurements in the present study are as high or higher than those of prior investigations quantitating the number of microbleeds (Scheid et al., 2003) .
In conclusion, our results demonstrate that volumetric assessment of DAI lesions in adult patients with TBI during the acute phase of the illness is reliable, is reproducible, and is associated, albeit modestly, with functional outcome. Such quantitative measures may be useful in stratifying injury severity in patients enrolled in clinical trials, as well as surrogate outcome measures for studies of neuroprotective therapies that target DAI.
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